Abstract: An efficient design for a quarter-wave (λ/4) retardation plate (QWP) operating at microwave frequencies has been designed and manufactured using dual head fused deposition modelling (FDM) 3D printing. Exploiting a bespoke composite material feedstock filament with high dielectric permittivity r = 10.8, the resulting 3D-printed QWP comprising alternative layers of high and low permittivity had a high artificial double refraction of ∆ = 2.9. The QWP provided broadband conversion of linear to circular polarization and phase modulation of an incident plane electromagnetic wave at 12-18 GHz, and demonstrated the potential for optical devices via additive manufacture for use in the microwave frequency range.
simulate and fabricate an all-dielectric polarisation converter with attractive performance that can be readily realised using a simple 3D printing manufacturing approach, with facile extension to many other optical-like devices operating in the microwave regime.
The all-dielectric λ/4 plate (QWP) design draws on the approach described for a 3D-printed anisotropic dielectric composite possessing Mie-type magnetic resonance in earlier work [17] . This approach comprised 3D-printed mm-scale striped regions of relatively low l and high h permittivity using Acrylonitrile Butadiene Styrene (ABS) filament and a ABS/BaTiO 3 polymer composite filament respectively [18] . The effective dielectric permittivity eff of the alternating, high-low permittivity striped structure at microwave frequencies varied with respect to the direction of the electric field E carried by an incident microwave and the volumetric fill fraction v of the high dielectric permittivity material with h in the host with relatively low permittivity l ( h > l ). The allowed values of the effective permittivity eff lie in the range between upper (E is parallel to the strips orientation) and lower (E is perpendicular to the strips) Wiener bounds [19] :
Figure 1(a) shows the effective relative dielectric permittivity of the upper ( max ,) and lower ( min ) Wiener bounds of a two-phase composite with l =2.6 and h =10.8, corresponding to the measured values for ABS and ABS/BaTiO 3 composite filaments [22] . The maximum anisotropy ∆ = h − l for a given h and l will be achieved at an optimum volume fraction v 0 obtained from the solution of the differential equation 
which is also shown graphically in Figure 1 (b). For a structure composed of periodic, alternating stripes with l =2.6 and h =10.8, at a ratio (i.e. filling fraction) v 0 = 0.67 the effective dielectric permittivity along the stripes was yy =8.1 while the permittivity orthogonal to the stripes was components of electromagnetic wave
(where E 0 is amplitude of the E-field, w, k and φ are angular frequency, wave-vector and phase, respectively) will undergo a time-phase retardation given by:
where d is the thickness of the dielectric anisotropic plate built from the alternating stripes. Figure 1 (c) presents a CAD model of a QWP that implements the periodic alternating structure. Designed for λ = 19.9 mm (15 GHz), the plate is made of two materials with l and h with a period of approximately λ/10 selected to avoid diffraction, and with the relative widths of the stripes determined from Eq. (3). This type of QWP retarder is designed to induce a difference in phase velocity of the orthogonal components of an incident wave so that the relative optical path-length difference between them is λ/4. It is straightforward to show that implementation of this condition occurs at a relative phase difference ∆φ = π/2. To induce a phase delay of π/2 between orthogonal components E y and E x of the electromagnetic wave incident normally to the plate, the thickness d of the plate can be obtained from Eq. (6) and then all parameters of the 3D model become explicitly defined. Figure 2 shows simulation results obtained from software COMSOL Multiphysics for a pyramidal horn and a λ/4 plate inserted in the front of the horn aperture. The pyramidal horn [20] has length 4.4λ and aperture of 3.15λ × 2.45λ radiating in TM 01 mode with vertical polarization, and with a theoretical directivity of 18 dBi at 15 GHz. Figures 2(a) and (b) show the near-field orthogonal components of the electric field as a function of propagation distance z for the anisotropic dielectric plate defined as above ( xx = min = 5.3, and yy = zz = max = 8.1) and oriented with its "slow" axis ( max ) along the polarization of the radiated wave, and with the same plate then rotated by 45 • , respectively. At 0 • orientation in Fig. 2(a) , the λ/4 plate does not change the relative magnitude of the electric field vector, i.e. the polarization. In contrast, rotation of the λ/4 plate by 45 • from this condition (Fig. 2(b) ) results in two non-zero components of the y | − |E far x | reduces to ≈ 0. Following the above design and simulated proof-of-concept, a QWP was fabricated by twohead FDM 3D printing as described previously [21] using bespoke ABS/BaTiO 3 composite high-permittivity filament [22] and commercial ABS filament (Fig. 3(a) ). The complex dielectric permittivity of both materials was characterised at 15 GHz by the split-post resonator method [23] as h = 10.8 − j0.038 and l = 2.6 − j0.008 for composite and ABS filaments respectively. The performance of the 3D-printed QWP was assessed experimentally using the arrangement shown in Fig. 3(b) and schematically in Fig. 4(a) . The QWP was placed between two rectangular flange pyramidal horns facing each other at approximately 25λ distance, referred hereafter as a polariser (P, transmitted horn) and analyser (A, receiver horn), by analogy with visual optics. The two orthogonal components E y and E x of the transmitted signal (power gain) were analysed separately, at relative orientation of the A horn to the P horn of either 0 • or 90 • along the transmission direction and with the interposed QWP plate fixed at 45 • , i.e. P0-QWP45-A0 and P0-QWP45-A90 conditions, respectively. Figure 4(b) shows the difference of the power gains between these two conditions while Fig. 4(c) shows the phase difference ∆φ = φ y − φ x obtained at the two orientations.
As described above, a circularly polarised wave must follow two conditions: |E x | = |E y | and a phase difference ±( 1 2 + 2n)π (n = 0, 1, 2, . . . ). Although the QWP was designed for 15 GHz, the experimental data from Figs. 4(b) and (c) show that these conditions were best realised at 13.1 GHz, 14.4 GHz, 15.7 GHz, and 16.35 GHz. The negative sign of ∆φ in Fig. 4(c) was indicative of left-handed circular polarisation. The non-zero power gain difference in Fig. 4(b) suggested slight elliptical character of the E-field polarization in the 12-18 GHz frequency range, rather than perfectly circular. QWP inserted between P and A horns fixed at 90 • relative rotation (Fig. 4(a) ), measured at 15.7 GHz. The transmission function T of such an optical system can be assessed theoretically using Jones calculus [24] as:
A plot of Eq. (7) is also shown in Fig. 4(d) as a dashed curve, with very good fit to the experiment. The small deviations were attributed to non-ideal alignment of the QWP with respect to the propagation direction, possible printing defects, and radiation losses. In summary, our results reveal the potential for using inexpensive FDM 3D printing for the manufacture of electromagnetic optical-like devices operating in the GHz frequency range. These RF devices are scaled-up from optical device dimensions and then readily fabricated by additive manufacture in a single operation. A 3D-printed QWP operated efficiently close to 15 GHz using a simple design comprising parallel strips of polymer and composite materials with alternating high-low dielectric permittivity with an artificial effective dielectric anisotropy ∆ = 2.9. At an optimum fraction of high permittivity stripes and orientation to incident radiation, a linearly polarised microwave underwent conversion to E-field circular polarisation with close to the theoretical character. The proposed design of the QWP makes it possible to use this device in a beamforming line with flat optics. Employing a QWP arrangement in conjunction with a computer-controlled rotation table with automatic adjustment of orientation could be used to readily maximize the magnitude of the transmission signal in a communication line.
